This study provides an improved statistical modelling framework for understanding historical variability and trends in water constituent fluxes in subarctic western Canada. We evaluated total phosphorus (TP) and dissolved organic carbon (DOC) fluxes for the Hay, Liard and Peel tributaries of the Mackenzie River. The TP and DOC concentrations primarily exhibit chemodynamic relationships with discharge, with the exception of the chemostatic relationship between DOC and discharge for the Hay River. With this understanding, we explored a number of enhancements in the load estimation model that included the use of (i) linear regression and logarithmic models, (ii) air-temperature as an alternate input variable and (iii) quantile mapping for bias-correction.
INTRODUCTION
The transport of organic carbon and nutrients from watersheds to receiving water bodies is known to be a hydrologically driven process. Previous studies of the spatial and temporal patterns of fluxes indicate that hydrologic connectivities through the surface and subsurface runoff are the key controllers of mobilization and transport processes, Hydrochemical connectivity also varies on an annual cycle, with runoff from seasonal snowmelt, frozen soil thaw and summer rainfall creating flow pathways. Hence, higher spring/summer flows dominate the annual cycles of the dissolved and particulate nutrients, as well as organic matter fluxes across river basins in the Arctic/subarctic (Cai et al. ; Holmes et al. ) . However, the spatiotemporal variability of the hydrochemical connectivity leads to highly complex and non-linear relationships between geochemical fluxes and discharge (e.g., Holmes et al. ) that could vary between the rising and falling limbs of a hydrograph (e.g., Gareis & Lesack ) . The Arctic freshwater system is changing rapidly in response to a warming climate (Bring et al. ) , with significant implications for a range of hydro-ecological regimes (Prowse et al. ; Wrona et al. ) . Previous studies indicate increasing annual streamflow across the Eurasian and North American river basins due to the enhanced poleward moisture transport (Zhang et al. ) and increasing dissolved organic matter (DOC) fluxes from the Mackenzie River (Tank et al. ) . A key reason behind the changing geochemical fluxes is thawing permafrost, which is exposing substantial quantities of stored organic carbon and macronutrients such as nitrogen and phosphorus, thus making them available for mobilization and transport to aquatic systems (Frey et In this context, numerical modelling capability is important for establishing baseline conditions and projecting future climate change effects on biogeochemical fluxes.
Deterministic modelling of water constituent fluxes for the high-latitude regions is constrained by limited data and lack of understanding of key hydro-geochemical processes.
An alternative approach is statistical modelling based on the relationship between causative and resultant variables.
To this end, a widely used approach is the regression based Load Estimator (LOADEST) model (Runkel et It is also important to note that the regression-based estimates of water constituent fluxes and trends have inherent uncertainties. In particular, major uncertainties arise from the fact that the statistical models cannot fully capture the relationships between different variables.
Additionally, a typical monitoring strategy collects only a limited number of water constituent samples in a given
year and, hence, estimates such as a change in concentration can be highly uncertain (Hirsch et al. ) . Further, sparse and often irregular sampling makes the statistical analysis (such as trend analysis) of water constituent data problematic. This is especially relevant given the limited water constituent observations in most high-latitude regions such as the Arctic Archipelago and eastern shores of Hudson Given these challenges, the main objective of this study is to provide an improved modelling framework for estimating the water constituent fluxes together with uncertainties.
This objective was accomplished via analyses of water quantity-constituent relationships and statistical modelling, using the total phosphorus (TP) and DOC dataset for the Hay, Liard and Peel Rivers in subarctic western Canada. We employed C-Q plots to analyse the seasonal, inter-basin and inter-constituent relationships. Based on plausible physical relationships, we explored improvements in the regression estimates of fluxes by (i) using the logarithmic LOADEST and the linear regression models, (ii) considering air-temperature as an alternate input variable and (iii) employing quantile mapping for bias-correction. Further, we analysed uncertainties in load estimation by using a bootstrapping method. Using the improved framework, we evaluated the annual and seasonal variability, and trends in fluxes.
STUDY BASINS
This study was carried out using the datasets from the Hay, Liard and Peel Rivers, which are major western tributaries of the Mackenzie River ( Figure 1 ). These river basins have low population densities and are mostly in pristine states, but oil and gas exploration and development, and forest harvesting activities are present in parts of the Hay and Liard basins (Mackenzie River Basin Board ). As a result of these anthropogenically driven activities, including climate-driven changes in the hydrologic regime, there is increasing recognition of ecological implications such as contaminant and nutrient enrichment and transport in these river systems (Wrona et al. ) .
The three basins are located in the Boreal and Taiga ecoregions in the subarctic, with Liard the largest and Hay the smallest of the three basins (Table 1 ). Based on the Recent studies suggest hydro-climatic regimes are changing in these basins. For example, St Jacques and Sauchyn () found a statistically significant increase (at 10% significant level; p < 0.1) in winter baseflow but nonsignificant annual change for the Hay (1964 Hay ( -2007 , Liard and Peel basins. Rood et al. We considered TP and DOC because the focus of this study is nutrient and carbon fluxes, and long-term records for only these two constituents are available. The periods of records used correspond to the length of all available records, which for TP (DOC) consisted of the periods 1988-2012 (1988-2012), 1972-2012 (1979-2012) and 1979-2012 (1979-2012) , respectively, for the Hay, Liard and Peel Rivers (see Supplementary   Materials, Table S1 for details, available with the online version of this paper). Sampling frequencies of these datasets are about six points in a year and, hence, there are limitations in evaluating historical variability and trends using these datasets.
Streamflow data for the three basins nearest to the freshwater quality stations ( Figure 1) À5.9 C (1979-2012), respectively (see Table S2 , available online). Mean annual temperatures for all three basins are increasing, which is statistically significant (p < 0.05) in the case of Peel and Liard basins.
Improved load estimation model
Before developing a statistical water constituent model, it is important to understand the relationships between driving and resultant variables. To this end, we first analysed correlations of TP and DOC concentrations with river discharge (Q) and mean daily air-temperature (T mean ). We considered the correlation with T mean as it is a useful indicator of seasonal and interannual variability. Secondly, we analysed the basin-scale hydrologic and biogeochemical relationships by using the C-Q plots.
Further, we explored a number of enhancements for estimating TP and DOC fluxes that included the use of different regression models, input variables and biascorrection methods (Table 2) which are nested within the LOADEST model:
where L is load (kg/day); Q is discharge (m 3 /s); X is either decimal time (YYYYMMDD) or mean daily temperature ( C) and a 0 , … a 6 are regression coefficients. In LOADEST log(Q)
is expressed as log(discharge)centre of log(discharge). The use of the logarithmic regression model is justified when there is a log C-log Q relationship in the dataset. In the absence of such a relationship, a multiple linear regression (MLR) model may be more appropriate, which is expressed as Further, the log-log plots showed strong relationships ( Figure 2) . Specifically, they exhibit increasing concentration with increasing discharge (chemodynamic relationship) that is in agreement with a strong positive correlation.
Additionally, the relationships for the winter low-flow (air- It is interesting to note that while TP concentrations for three basins are in similar ranges, the DOC concentration decreases progressively from the Hay to the Liard to the Peel basin ( Figure 2) . The proportion of the vegetation covered area also decreases progressively across the three basins, and is likely responsible for the differences in DOC across the basins. The TP concentrations are low in all three basins, and their similar ranges in all three suggest vegetation cover is not an important factor in the generation of TP. Hence, it is important to understand different forms and the dominant transport mechanism of these constituents. S1 and S2) and Method 3 provides a better representation (Figures 3 and 4) More importantly, given that one of the objectives of this study is to analyse historical trends, we considered the ability of the models to simulate trends. Specifically, the blue and red lines compare trends for the annual medians of the observed and simulated data points, respectively (lower panels Figures 3 and 4; Figures S1 and S2) . The results show that despite some differences in the magnitude of trends, the directions of trends (mostly increasing) are correctly replicated by both Methods 1 and 3. Hence, this
gives us some confidence in using the entire set of model results for the evaluation of the historical trends. Overall, i.e., Q and T mean as input variables and quantile mapping bias-correction (see Table S3 for details, available online).
It is important to note here that the sole purpose of these trend lines plots (Figures 3 and 4 ; Figures S1 and S2) is to assess the model's ability to replicate trends. As the number of observations is too few (typically about six samples in a year), these lines are totally dependent on whether the samples hit low, medium or high flux values and, thus, do not represent historical trends. The discussion below will shed light on the lack of representativeness of these trend lines. Considering the seasonal variability of TP fluxes, all three basins exhibit lower fluxes in winter (DJF) and
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higher fluxes in spring (MAM) and summer (JJA) ( Figure 5 ).
The lower winter fluxes correspond to the lower winter runoff values for the three basins (Table 1) In the case of long-term trends, the results revealed small non-significant annual increases in TP for the Hay and Liard basins and a non-significant annual decline for the Peel basin (lower panel, Figure 5 ). While the increasing annual trends match the direction of indicative trend lines for the Hay and Liard basins (Figure 3) , the directions are opposite for the Peel basin. This discrepancy stems from the limited number of sampling data available for plotting trend lines in Figure 3 , thus, reinforcing the fact that trend analysis using limited water constituent monitoring data is problematic. Seasonally, the results revealed increasing trends for the winter months ( Figure 5) , with statistically significant increases for the Liard and Peel basins, which correspond to the significant streamflow trends (Table 1) .
However, given the smaller fluxes in winter, the contribution of this winter increase on annual fluxes is small.
The trends for spring and summer months are small and non-significant except for the Peel basin, which showed a significant decline in the summer months. Autumn changes are affected by warmer temperature-driven increases in rainfall fractions and, thus, runoff increases (Table 1) which is the primary transport mechanism for DOC.
Given that the bootstrap uncertainty ranges for the DOC Based on these insights, we implemented enhancements in the regression-based load estimation first by using the multiple linear regression (MLR) in addition to the USGS Load Estimation (LOADEST) models. Secondly, we replaced decimal time with air-temperature for a better representation of the interannual variability. Thirdly, we replaced the delta method for bias-correction with a quantile mapping method. Model selections based on the LOADEST logarithmic models and MLR models led to the logarithmic models when the relationships between constituent concentration and discharge are chemodynamic, and the MLR model when the relationship is chemostatic. Therefore, there is a need to carefully examine the relationships between variables before applying regression models for estimating fluxes. Further enhancements in this study, especially the use of quantile mapping led to improvements in the model performances and provided an improved framework for evaluating historical variability and trends. Although the improvements using air-temperature as an input variable are small, we decided to proceed with it because of its ability to represent interannual variability. Additionally, there is a need to evaluate uncertainties in load estimates such as the bootstrapping method implemented in this study. 
